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Direct visualization of sperm competition and sperm storage
in Drosophila
Alberto Civetta
Drosophila females engage in multiple matings [1–4]
even though they can store sperm in specialized organs
for most of their life [5]. The existence of sperm
competition in Drosophila has been inferred from the
proportion of progeny sired by the second male in
double-mating experiments [6–8]. Investigators have
used this approach to quantify genetic variation
underlying sperm competition [8–10], to elucidate its
genetic basis [11], to identify the dependence of
different male competitive ability on the genotype of
the females with which they mate [12] and to discern
the potential role of sperm competition in species
isolation [13,14]. This approach assumes that the sperm
from two males stored in a female compete to fertilize
the eggs. The mechanism by which sperm competition
is accomplished is still unknown, however. Here,
fluorescence microscopy, cytometry, and differently
labeled sperm were used to analyze the fate of sperm
inside the female’s sperm storage organs, to quantify
sperm competition, and to assess how closely paternity
success corresponds to the appearance and location of
the sperm. The results show that the first male’s sperm
is retained for a shortened period if the female remates,
and that the second males that sire more progeny
either induce females to store and use more of their
sperm or strongly displace resident sperm.
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Results and discussion
The availability of males from a transgenic line of
Drosophila melanogaster in which production of the
Aequorea victoria green fluorescent protein (GFP) is
driven by the sperm-specific don juan (dj) promoter [15]
means that it is possible to produce males that express
GFP in their sperm (Figure 1a,b). By mating females to
these dj–GFP males, one can analyze the fate of sperm
inside the female’s storage organs after multiple mating
and make direct inferences about sperm competition. A
reduction of green fluorescence intensity in the female’s
storage organs was observed after second matings to
males with non-fluorescent sperm. Green fluorescence
was still seen 13 days after mating had occurred in
females that were singly mated to dj–GFP males, whereas
some double-mated females showed no fluorescence
eight days after the second mating had occurred (thirteen
days from the first mating) (Table 1). This shows that
singly-mated females retain green fluorescent sperm in
both storage organs longer than doubly-mated females
and clearly demonstrates that second mating results in a
release from storage of resident sperm, either by directly
Table 1
Observed proportion of females showing green fluorescence
in their storage organs after first mating to dj–GFP males. 
Second male Seminal receptacle Spermatheca
None 1.00 (29) 0.93 (29)
bwD 0.89 (45) 0.78 (45)
B3-09 0.75 (52) 0.81 (52)
The sample size (number of individuals) is shown in brackets. 
Figure 1
GFP expression in the germline of D. melanogaster. (a,b) The
elongated spermatids of an adult male D. melanogaster fly (4–6 days
old) from the dj–GFP line (a) observed under Nomarski light
microscopy and (b) the same image showing the green fluorescence
labeling of all spermatids. (c,d) Dissection of the seminal vesicle of a
dj–GFP adult male showing the green fluorescent staining of all the
sperm tails. (c) Nomarski; (d) green fluorescence.
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removing it from storage or by increasing the rate of
sperm usage.
In order to obtain a more quantitative estimate of sperm
presence in singly-mated females and competition from
doubly-mated ones, fluorescence intensities in seminal
receptacles and spermathecae were quantified with a
cytometer (Figure 2). Seminal receptacles of singly-mated
females show more fluorescence than spermathecae
(Figure 2b), and sperm counts reveal that more sperm is
stored in the seminal receptacle than in spermathecae [16].
A comparison of fluorescence intensity among the three
samples analyzed (Figure 2b) shows significant differences
for both spermathecae (ANOVA: F2,24 = 3.64; p = 0.041)
and seminal receptacles (ANOVA: F2,22 = 3.88; p = 0.036).
Further tests to narrow down which pair of samples were
significantly different showed that there were significant
differences between singly- and doubly-mated females for
seminal receptacle (F1,22 = 7.75; p = 0.011) and spermatheca
(F1,24 = 7.26; p = 0.013) samples, whereas no significant dif-
ferences were detected between the two alternative second
males for seminal receptacle (F1,22 = 0.11; p = 0.740) and
spermatheca (F1,24 = 0.001; p = 0.978) samples (Figure 2b). 
Previous studies that measured the proportion of progeny
sired by alternative males in double mating experiments
have suggested that the competitive ability of sperm
varies among male genotypes [8]. In particular, bwD males
have been shown to be poor sperm removers on the basis
of the proportion of progeny they sire as second males
(their P2 scores) [10]. The fluorescent scan assays
described above were unable to detect significant differ-
ences between B3-09 and bwD as alternative second male
tested against dj–GFP males. The scores based on the
presence or absence of green fluorescence in the seminal
receptacle (Table 1), however, were marginally dependent
on the genotype of the second male (G test: G2 = 3.19;
p = 0.074; but Fisher’s exact test: p = 0.116). No differ-
ences between second males were detected in the sper-
mathecae (G2 = 0.13; p > 0.1). 
Ultimately, it is possible to score differences between the
abilities of B3-09 and bwD males to displace resident sperm
by directly scoring the proportion of first and second male
sperm in storage. Seminal receptacles were dissected from
doubly-mated females and stained with 4′,6-diamidino-2-
phenylindole (DAPI) [17]. Two images of the same
section of the sample, one to show green fluorescence and
the other to show DAPI fluorescence, were scored for the
number of DAPI-stained sperm heads with or without a
green fluorescent tail (Figure 3). Table 2 shows the results
that were obtained from counts of over 800 single sperms.
The difference in the proportion of the second male’s
sperm found in the seminal receptacle (S2 scores) between
the two alternative second males was significant (ANOVA:
F1,42 = 25.11; p < 0.001), suggesting that B3-09 males
might be stronger sperm displacers than bwD males. 
Several variables can affect the amount of sperm trans-
ferred during copulation [16]. It is possible that the
stronger competitive ability of the B3-09 males is a result
of more sperm being transferred during copulation. In this
case, more sperm would be expected in the storage organs
of females mated to B3-09 males than in females mated to
bwD males. To test this, sperm counts were obtained by
staining sperm heads from disrupted seminal receptacles
of B3-09 females mated to either B3-09 or bwD males with
DAPI. No significant differences were found between the
two matings in the count of sperm found in the seminal
receptacles (F1,42 = 0.84; p = 0.37; data not shown). 
Traditional estimates of sperm competition from
progeny counts in double-mating experiments may be
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Figure 2
Quantitation of fluorescence in sperm storage organs. (a) False-color
fluorescence scans obtained from seminal receptacles of singly-mated
females. The blue range corresponds to lower-intensity fluorescence
and green, yellow, red and white to successively higher intensities (see
scale). (b) Average GFP fluorescence (with associated standard
errors) found in spermathecae and seminal receptacles of females
mated only to dj–GFP males (white), or females doubly mated to
dj–GFP and bwD males (grey) or dj–GFP and B3-09 males (black).
See Materials and methods for an explanation of the units used to
express the amount of fluorescence.
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affected by post-fertilization differences in fitness. The
use of males from the dj–GFP line allows one to simulta-
neously test sperm competition by progeny scores and
sperm counts. Scores of sperm competition were
obtained by setting up matings between 4–6-day-old
virgin B3-09 females to same-aged dj–GFP males (which
bear the CyO marker) followed by males from lines B3-09
or bwD. Sperm competition (P2) was measured from
progeny counts [8] obtained from these matings. Progeny
were scored for wing phenotype (wild type if sired by
bwD or B3-09 males and curly if sired by dj–GFP males)
about 15 days after oviposition began. The proportion of
progeny sired by the second males (P2; Table 2) is signif-
icantly higher when B3-09 is the second male
(F1,135 = 65.6; p < 0.001), in agreement with the stronger
sperm competitive ability calculated from sperm counts
obtained from the female’s seminal receptacle (S2;
Table 2). There is therefore a consistency between
sperm-based and progeny-based scores in the sense that
both show B3-09 males out-competing bwD males. The
actual differences in the values of both scores may reflect
differences at the diploid (zygote) or haploid (sperm)
level of selection. 
There is substantial evidence that multiple paternity is a
common phenomenon in both laboratory and natural popu-
lations of Drosophila [1–4] and that females can retain
sperm in their storage organs for at least 14 days after
mating [5]. These two pieces of evidence suggest that dif-
ferential paternity could be a consequence of sperm com-
petition occurring before fertilization. However, potential
confounding effects can arise from differences in other
components of fitness when sperm competition is inferred
from counts of progeny sired by a second male [18], so esti-
mates of differential sperm storage in singly- and doubly-
mated females are crucial for assessing potential sperm
competition. The results presented in this paper show that
differential paternity obtained from doubly-mated females
is a consequence of differential retention and movement of
sperm into the female’s sperm storage organs. Recent evi-
dence suggests that seminal products transferred in the
ejaculate might induce sperm movement and localization
in the storage organs, sperm release from the storage
organs, and oviposition [19–21]. These observations,
together with results showing a strong role for male–female
interactions in sperm competition [12], suggest that there
must be a crucial period after mating for both sexes in
deciding the paternity of subsequent offspring. 
Second males with higher P2 values also showed higher S2
values (Table 2). There is therefore a qualitative concor-
dance between scores of sperm competition based on
counts of stored sperm (S2) or progeny (P2) when females
are mated to two different males. A good way to assess the
extent to which progeny-based sperm competition (P2) is
determined simply by the decision of which sperm to
store shortly after mating would be to quantify both P2
and S2 in a large series of lines that are known to differ in
sperm competitive ability. 
Materials and methods
Drosophila cultures 
Lawrence Harshman provided the dj–GFP line. The other two lines
used throughout this study are B3-09, a third chromosome extracted
line originating from Beltsville, MD and provided by Brian Charlesworth,
and bwD, a laboratory stock provided by Mel Green. 
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Figure 3
Section of a seminal receptacle of a B3-09 female mated to a dj–GFP
male followed by a B3-09 male. The original fluorescent (a) DAPI and
(b) GFP images were (c,d) pseudocolored and superimposed for
counting. Twenty DAPI stained heads are recognizable as bright white
fusiform structures in (a), which are red in (c,d). Heads lacking a green
fluorescent tail (c) were counted as second male sperm and were
removed from the image shown in (d); those with a green fluorescent
tail attached to them (d) were from the dj–GFP male.
Current Biology   
(a) (b)
(c) (d)
Table 2
Sperm competition scores (P2) and proportion of non-
fluorescent sperm (S2) in the seminal receptacle after double
mating. 
Second male P2 S2
B3-09 0.92 ± 0.02 0.94 ± 0.01
(4393; 72) (843; 21)
bwD 0.65 ± 0.03 0.81 ± 0.03
(3994; 65) (913; 23)
Numbers in parentheses are, for P2 scores, number of flies; number of
vials, and for S2 scores, number of individual sperm; number of flies.
Mating procedure and epifluorescence microscopy
Approximately 10 virgin 4–6-day-old B3-09 females were first mated to
20 same-aged virgin dj–GFP males for 2 h. Females were then trans-
ferred by aspiration into single vials where they remained for 4–6 days.
Vials containing single females were separated into three groups of
equal size; one group remained as singly-mated females whereas
2–3 B3-09 or bwD males were added to each vial of the other two
groups. Every 20 min, the vials were observed for copulations, and the
doubly-mated females were kept for dissections. Singly- and doubly-
mated females were dissected 13 days after the first mating in a drop
of 1% PBS using fine tungsten dissecting pins. After dissection, the
spermathecae and seminal receptacles were transferred to a fresh
drop of 1% PBS [17] and samples were scored for the presence or
absence of green fluorescence under an epifluorescence microscope.
A total of 126 females were scored.
Fluorescence scans
The mating and dissections were as described in the previous section,
except that females were dissected 4 days after the second mating
(8–10 days from the first mating). Slides containing the seminal recep-
tacle or spermathecae from each singly- or doubly-mated female were
scanned with a laser scanning cytometer (Meridian ACAS 570). The
Meridian software (version 3.3) produces a color scale of linear fluores-
cence intensity (Figure 2a). The average color intensity values obtained
per sample were transformed into equivalent units of fluorescein by
comparing them with scanned slides containing single polystyrene
beads, or mixtures of four different beads, with a known concentration
of fluorescein per bead. This calibration was done because singly-
mated females saturate the color scale range if scored under the same
settings as doubly-mated females. Fluorescein is used to give an arbi-
trary quantitative scale to the color intensities obtained under different
settings and so these readings should not be taken as true levels of flu-
orescence but as arbitrary fluorescein equivalents. The standard fluo-
rescein beads were acquired from Sphero Tech and were scanned by
E. Kunze using the same settings as the samples from spermathecae
and seminal receptacles. 
Sperm counts 
The mating and dissections were as described in the previous section
except that only doubly-mated females were analyzed. The seminal
receptacles were transferred from 1% PBS to a drop of DAPI solution
[17]. Once in the DAPI solution, the tissue was sliced using fine dis-
secting pins so that the sperm contained in the seminal receptacle
spread in the solution. Images were collected with Image Pro-Plus
version 3.0 software using a Hamamatsu digital camera attached to an
epifluorescence microscope. Green and UV (DAPI) fluorescence
images of the same section of the sample were collected and superim-
posed using Photoshop version 4.0 software (Figure 3). DAPI-stained
sperm heads that showed no green fluorescent tail were counted as
coming from the second male (B3-09 or bwD) and those that had a
green fluorescent tail were scored as coming from dj–GFP males.
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